We calculated the energy spectra and the fluxes of electron neutrino emitted in the process of evaporation of primordial black holes (PBHs) in the early universe. It was assumed that PBHs are formed by a blue power-law spectrum of primordial density fluctuations. We obtained the bounds on the spectral index of density fluctuations assuming validity of the standard picture of gravitational collapse and using the available data of several experiments with atmospheric and solar neutrinos. The comparison of our results with the previous constraints (which had been obtained using diffuse photon background data) shows that such bounds are quite sensitive to an assumed form of the initial PBH mass function.
I. Introduction
Some recent inflation models (e.g., the hybrid inflationary scenario [1] ) predict the "blue" power-spectrum of primordial density fluctuations. In turn, as is well known, the significant abundance of primordial black holes (PBHs) is possible just in the case when the density fluctuations have an n > 1 spectrum (n is the spectral index of the initial density fluctuations, n > 1 spectrum is, by definition, the "blue perturbation spectrum").
Particle emission from PBHs due to the evaporation process predicted by Hawking [2] may lead to observable effects. Up to now, PBHs have not been detected, so the observations have set limits on the initial PBH abundance or on characteristics of a spectrum of the primordial density fluctuations. In particular, PBH evaporations contribute to the extragalactic neutrino background. The constraints on an intensity of this background (and, correspondingly, on an PBH abundance) can be obtained from the existing experiments with atmospheric and solar neutrinos. The obtaining of such constraints is a main task of the present paper.
The spectrum and the intensity of the evaporated neutrinos depend heavily on the PBH's mass. Therefore, the great attention should be paid to the calculation of the initial mass spectrum of PBHs. We use in this paper the following assumptions leading to a prediction of the PBH's mass spectrum.
1. The formation of PBHs begins only after an inflation phase when the universe returns to the ordinary radiation-dominated era. The reheating process is such that an equation of state of the universe changes almost instantaneously into the radiation type (e.g., due to the parametric resonance [3] ) after the inflation.
2. It is assumed, in accordance with analytic calculations [4, 5] that a critical size of the density contrast needed for the PBH formation, δ c , is about 1/3.
II. The initial mass spectrum of PBHs
We will use the Press-Schechter formalism which allows to carry out the summation over all epochs of PBHs formation. According to this formalism, the mass spectrum of density fluctuations ( i.e., the number density of regions with mass between M and M + dM ) is calculated by the formula
Here, β(M, δ c ) is the fraction of regions having sizes larger than R and density contrast larger than δ c ,
Here, δ is the initial density contrast, σ R is the standard deviation of the density contrast of the regions with size R and mass m. It is convenient to introduce the double differential distribution n(M, δ), the integral over which gives the total number of fluctuated regions,
Evidently, for n(M, δ) one has
To obtain the mass spectrum of PBHs one must introduce the M BH variable. It can be done by introducing the auxiliary Dirac delta-function and the corresponding integration over M BH :
We consider two cases : 1) near critical collapse [8] ,
2) Carr-Hawking collapse,
In Eqs. (7, 8) we use the relation
connecting horizon mass M h with the fluctuation mass M (M i is the horizon mass at the initial moment of time , t = t i ). Further, we take into account that a density contrast grows with a time so the density contrast in the moment of the collapse is equal to δ
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. We consider at first the critical collapse case. It is convenient to use the change of the variable,
The PBH mass distribution is:
(11) Using Eqs. (5) and (10) we obtain the final formula
Here we use the notation
and the connection between σ R and σ H (which is a value of the standard deviation at the time of horizon crossing),
(see Sec. IV for more details). The mass spectrum of PBHs is
This is the final formula for the PBH mass spectrum. The Carr-Hawking case can be obtained from Eq. (15) using the substitutions
and the approximate relation
In this case one has finally:
One can see from Eqs. (15) and (18) 
III. Neutrino diffuse background from PBHs
The starting formula for the calculation of the cosmological background from the PBHs evaporations is [9] 
Here , n com is the comoving number density of the sources (in our case the source is an evaporating PBH of the definite mass m ), a 0 is the scale factor at present time, t = t 0 , f (E) is a differential energy spectrum of the source radiation, V com is a comoving volume of the space filled by sources, therefore
Here, k is the curvature coefficient, and ρ is the radial comoving coordinate. Using the change of the variable,
the comoving number density can be expressed via the initial density n i ,
Substituting Eqs. (20) - (22) in Eq. (19) one obtains
In our concrete case we must take into account the evaporation:
Here , n BH (m, t) is the PBH mass spectrum at any moment of time,
Here, Γ s (E, m) is the coefficient of the absorption by the black hole of a mass m, for an emitted particle having spin s and energy E. Initial spectrum of PBHs is given by Eq. (18) . The minimum value of PBH mass is γ 1/2 M i (see Eq. (8)) , so we must add to the initial spectrum expression the step factor Θ(m BH − γ 1/2 M i ) . The connection of the initial mass value M BH and the value at any moment t is given by the approximate relation
Here, α ∼ = 8.42 · 10 25 g 3 s −1 . This change of mass leads to the change of a form of the spectrum. At any moment one has
Substituting Eqs. (25), (27) in the integral in Eq. (24) , we obtain the final expression for the spectrum of the background radiation:
One should note that the corresponding expressions for the spectrum in refs. [10, 11] contain the factor It is convenient to use in Eq. (28) the variable z instead of t. In our case
,
The factor ( ai a0 ) 3 can be expressed through the value of t eq :
After integration over PBH's mass in Eq. (28) one obtains the integral over z:
In a case of the photon diffuse background integral over z in the expression for S(E) is cut off at z = z 0 ≈ 700 because for larger z the photon optical depth will be larger than unity [12] . In contrast with this , interactions of neutrinos with the matter can be neglected up to very high values of z. Therefore the neutrino diffuse background from PBH evaporations is much more abundant.
IV. Constraints on the spectral index
The spectral index of initial density fluctuations is defined by the relations
Here, δ k and W k are Fourier transforms of the density field δ( x) and the window function of comoving size r, respectively, V r is the effective volume filtered by W r .
One obtains from Eq.(31) :
where k fl is the comoving wave number, characterizing the perturbed region,
and R is the physical size of this region at arbitrary moment t. Using the connection of k fl with the fluctuation mass,
and introducing the horizon mass M h (which is equal to the fluctuation mass at the moment when the fluctuated region crosses horizon) we can rewrite Eq. (32) in the form:
Here, M hor is the horizon mass at t , σ H (M h ) is the standard deviation at horizon crossing.
At the initial moment of time one has :
The form of the σ H (M h ) function depends on the spectral index:
Eqs. (14) in Sec.II are obtained from Eqs. (36) -(37). From COBE data we know the normalization of σ H (M h ) at present horizon size [13, 14] :
Now one can easily show that σ H (M h ) for radiation dominance case is connected with σ H (M h ,0 ) by the following approximate relation:
Our calculation of neutrino spectra from evaporating PBHs contains two parameters: spectral index n and the time of the end of the inflation t i (which, by assumption, is a time when density fluctuations develop). We assume that at t i the universe has as a result of the reheating the equilibrium temperature T RH . The connection of T RH and t i is given by the standard model 1 :
(g * ∼ 100 is the number of the degrees of freedom in the early universe).
For an obtaining of the constraints on the spectral index we use three types of neutrino experiments.
1. Radiochemical experiments for the detection of solar neutrinos. There are data from the famous Davis experiment [15] and the Ga − Ge experiment [16] . The cross section for the neutrino absorption via a bound-bound transition was calculated using the approximate formula
In the case of the Davis experiment (Cl − Ar reaction) we take into account the super-allowed transition only, for which
In the Ga − Ge case the main contribution gives the ground state -ground state transition (E ν thr = 0.242M eV ). The corresponding cross section is, for
The number of target atoms N T is about 2.2 · 10 30 for the Cl − Ar experiment [15] and ∼ 10 29 for the Ga − Ge experiments [16] . The average statistics is ∼ 1.5 day −1 (Cl − Ar) and ∼ 1 day −1 (Ga − Ge). The constraint is calculated using the relation
2. The experiment on a search of the antineutrino flux from the Sun [17] . In some theoretical schemes (e.g., in the model of a spin -flavor precession in a magnetic field) the Sun can emit rather large flux of antineutrinos. LSD experiment [17] sets the upper limit on this flux, Φν/Φ ν ≤ 1.7%. In this experiment the neutrino detection is carried out using the reactioñ
The number of the target protons is ∼ 8.6 · 10 28 per 1 ton of the scintillation detector, and the obtained upper limit is 0.28 antineutrino events per year per ton [17] . The cross section of the reaction (45) is well known (see, e.g., [18] ). [19] . In this experiment the electrons arising in the reaction
The Kamiokande experiment on a detection of atmospheric electron neutrinos
in the large water Cherenkov detector were detected and, moreover, their energy spectrum was measured. This spectrum has a maximum at the energy about 300M eV . The spectrum of the atmospheric electron neutrinos is calculated with a very large accuracy (assuming an absence of the neutrino oscillations) and the experimentally measured electron spectrum coincides, more or less, with the theoretical prediction. The observed electron excess at E ∼ 100M eV (which is a possible consequence of the oscillations) is not too large. We use the following condition for an obtaining the our constraint : the absolute differential intensity of the PBH neutrino background at the energy E ν ∼ 0.3GeV cannot exceed the theoretical differential intensity of the atmospheric electron neutrinos at the same energy (otherwise the total electron energy spectrum is strongly different from the observed one).
V. Results and discussions
All calculations of the background neutrino spectrum in the present paper were carried out using the approximation α = const. In reality α depends on a number of degrees of freedom (spin,charge and colour) of the emitted particles and, therefore, is a function of a black hole mass. In the standard model α(M BH ) is in the following limits (see Fig. 1 ):
The effective value of M BH is about M i due to a steep decrease of the spectrum. In turn, Fig.2 we show the sensitivity of the spectrum calculation to a α choice. One can see, in particular, that at high T RH the choice α = α min leads to a rather strong overestimation of the background intensity. This overestimation, however, has almost no influence on the resulting spectral index constraints because of an extremely strong dependence of the PBH mass spectrum on a n value.
All background spectrum calculations were done with taking into account fragmentations of the emitted quarks (with subsequent decays of mesons) and the direct evaporation of muons. Using the results shown in Fig.3 one can estimate the relative contribution of the direct evaporation of the electron neutrinos. One can see that at E ν ≥ 100M eV this contribution is dominant. Moreover, at high T RH (∼ 10
10 GeV ) the contribution of quark fragmentations can be neglected even at small neutrino energies (∼ 1M eV ).
On Fig.4 the z-dependence of the integrand F (E, z) (see Eq. (31)) is shown for different values of a background neutrino energy and for different values of T RH . It is clearly seen that at high T RH (∼ 10
10 GeV ) the background neutrino spectrum is dominated by neutrinos with extremely high redshifts. The main part of the corresponding photon background is absorbed in extragalactic space. On Fig.5,6 the background electron neutrino spectra are shown for different values of the reheating temperature T RH and spectral index n. All spectra have the same energy dependence at E ≥ 100M eV (∼ E −3 ); the differential intensity strongly depends on T RH and n. Fig.7 shows our results for the spectral index constraints. It is seen that the best results are obtained using the Kamiokande atmospheric neutrino data and the LSD upper limit on an antineutrino flux from the Sun. The behavior of the constraint curve n(T RH ) is sharply different than what was obtained in ref. [10] (authors of ref. [10] used the initial PBH mass function following from the near critical collapse scenario with a domination of the earliest epoch of PBHs formation).
One can compare our spectral index constraints with the corresponding results of ref. [11] , where the same initial mass spectrum of PBHs had been used. Some difference in resulting constraints (∆n ∼ 0.015) is connected simply with the fact that authors of ref. [11] use slightly different formula for σ H (M h ), namely,
In other respects the constraints are quite similar although in ref. [11] they were based on diffuse photon cosmological background data. However, the constraints from neutrino experiments seem to be more reliable having in mind the possible existence of a QED photosphere [20] around of black holes. Usually the calculations of these constraints are accompanied by the calculation of bounds based on requirement that the energy density in PBHs does not overclose the universe at any epoch (Ω BH < 1). For a setting of such bounds one must consider the cosmological evolution of the system PBHs + radiation. We intend to carry out these calculations in a separate paper. Fig. 4 . Dependence of the integrand F E;z on z for several values of T RH and for two v alues of neutrino energy E . All curves are calculated with n = 1 :25 . 
